Polyethylene (PE) was treated with various formulations containing an intumescent fire retardant, which consists of melamine phosphate (MP), pentaerythritol (PER) and ammonium polyphosphate (APP), and one or none of following metal-chelates: CuSAO, CoSAO and NiSAO. The behaviour of this intumescent system can be enhanced significantly by the addition of small amounts (0. 
. I n t r o d uc t i o n
It is well known that polyethylene (PE) has been widely used in many fields because of its excellent performance, such as low density, low toxicity, excellent electric insulation, mechanical durability, good chemical resistance, ease of processing and moulding, low cost, and so on. Unfortunately, PE burns easily and has poor drip performance. So, there is still a need to improve both fire retardancy and the poor drip performance of PE.
Usually, the common fire retardants for PE can be classified into two kinds: halogen based flame retardants which act in the gas phase; and char forming and intumescent fire retardants (IFR) which incorporate phosphorus or nitrogen in their structures or formulations. However, because of environmental pressure, most halogen based flame retardants are now considered unacceptable. Compared with halogen based flame retardants, intumescent fire retardant (IFR) additives are more promising as an effective and "green" fire retardant for PE based on their excellent intumescent carbonization. Many studies focused on intumescent fire retardant (IFR) have been widely investigated in the fire retardation of polyolefin [1] [2] [3] [4] . Generally, they act by a condensed phase mechanism when heating or burning [5] [6] [7] [8] [9] [10] . On heating, intumescents form a foamed cellular charred layer on the polymer surface, which acts as a physical barrier and protects the underlying materials from the action of heat and flame. Usually, such formulations contain three ingredients: an acid source, a blowing agent and a carbonization agent. However, the conventional IFR additives also have disadvantages [11] [12] [13] , such as the higher loading needed in order to obtain the required fire retardant level. Thus, further improvements in the fire retardant efficiency of IFRs are needed.
On the other hand, it is worth noting that some metal chelates can affect the initial stage of polymer degradation [14] [15] [16] . In our earlier work, some research on fire retarded PE containing metal chelates has 4 been carried out [17, 18] , meanwhile, reactive extrusion technology was adopted to synthesize a fire retardant (ER), based on the esterification of melamine phosphate (MP) and pentaerythritol (PER) at a particular temperature (shown in Scheme 1). It has been found that ER combined with APP and a small quantity of copper (II)-chelate at pre-selected levels can be an effective IFR for PE yielding good fire retardancy and good anti-dripping behaviour.
In this paper, different metal chelates (Copper (II), Cobalt (II) and Nickel (II)) complexes with salicylaldoxime (SAO) have been investigated. The fire retardant being used in this paper is ER combined with APP. The effect of metal chelates on the thermal stabilization, char formation and burning behaviours of intumescent fire retardant PE has been studied by LOI, UL-94 test, TGA, SEM and cone calorimeter. Scheme 1. Reaction of melamine phosphate with pentaerythritol. 
. E x p e r i m e n t a l

Materials
Characterization
LOI test
The LOI values were measured on a JF-3 oxygen index meter (Jiangning, China) using sheet dimensions of 130×6.5×3 mm 3 according to ASTM D2863-97.
UL-94 test
Vertical burning tests were conducted on a vertical burning test instrument (CZF-2-type) (Jiangning, China) using sheet dimensions of 130×13×3 mm 3 according to ASTM D3801.
Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) was performed on a DuPont 1090B thermogravimetric analyzer at a heating rate of 10 o C/min. 7 mg of samples were examined under flowing air (80ml/min) over a temperature range from room temperature to 600 o C. Each determination was carried out in duplicate.
Scanning electron microscopy (SEM)
A HITACHI MODEL: S-450 scanning electronic microscopy (SEM) was used to investigate the outer surface of residues of PE-IFR and PE-IFR-CuSAO. The residue samples for SEM were obtained after two samples were burnt directly in air. The micrographs of the residual char samples were recorded after surface treatment using a sputtered deposition of gold.
Cone calorimeter
The cone calorimeter tests were carried out following the procedures indicated in the ISO 5660 standard with a FTT cone calorimeter. Square specimens (100×100×6 mm) were irradiated at a heat flux of 25 kW/m 2 . 
Results and discussion
LOI and UL-94 test
As is well known, LOI measurement and UL-94 test are widely used to evaluate the fire retardant properties of materials. In this paper, all the samples have been tested using LOI and 
Thermogravimetric analysis (TGA)
In order to understand the effects of metal chelate (CuSAO, CoSAO and NiSAO) for intumescent fire retardant PE, we compared the thermal degradation behaviour and the mass of residue obtained for the various samples. TGA testing of PE, PE-IFR, PE-IFR-CuSAO, PE-IFR-CoSAO and PE-IFR-NiSAO was carried out in air at a heating rate 10 o C /min. TG and DTG curves are presented in figure 1 and figure   2 , respectively, and some detailed data shown in table 2. Table 2 Calculated results from TG curves of various samples (heating rate: 10 °C/min).
Scanning electron microscopy (SEM)
In order to investigate the relationship between the structure of intumescent chars formed and the fire-resistant properties of the polymer compositions, the char residues left after burning in air were examined by SEM. Figure 3 compact and appears to have a composed of platelets structure, which would be a more effective harrier.
Generally the speed of formation of the protective char layer and the performance of char layer are highly dependant upon factors such as fire retardant, fire temperature and the viscosity of the molten polymer.
Comparing the char layers of PE-IFR and PE-IFR-CuSAO, suggests that the addition of small amounts of 12 CuSAO induces processes, such as crosslinking or dehydration, and changes the morphology of the carbonization compounds formed during burning, so that a char layer with improved performance is formed. Furthermore, it is likely that this is related to the increase in the viscosity of the molten mixture resulting from early catalytic oxidation. This is in accord with the results from TG analysis. It is well known that the intumescent char structure acts as an insulating barrier, can prevent heat and fuel transfer between the flame zone and the underlying substrate, and thus protect the substrate from heat and fire. It is apparent that the fire-resistant performance of these materials is directly connected with the quality of this barrier. SEM analysis demonstrates that the intumescent fire retardant with small amounts of metal chelate produces a more closed char and as a consequence has potentially better fire-retardant properties than that without metal chelate. This is in line with the LOI results. 
Cone calorimeter results
The cone calorimeter is a performance based bench scale fire testing apparatus and provides a wealth of information on combustion behaviour [20] . Some cone calorimeter results have been found to correlate well with those obtained from large scale fire tests, so that it can be used to predict the behaviour of materials in a real fire [21] . Furthermore, it provides comprehensive insight into fire risk via parameters such as heat release rate (HRR), total heat release (THR) and time to ignition (TTI). Thus the cone calorimeter is a useful tool for the evaluation of fire retardant materials. Table 3 . Combustion parameters obtained from cone calorimeter.
However, the most notable difference in the experiments using the cone calorimeter comes from time to ignition (TTI). The TTI of pure PE and PE-IFR are 132 s and 166 s, respectively. However, the TTI of PE-IFR-CuSAO, PE-IFR-CoSAO and PE-IFR-NiSAO are 268 s, 218 s and 217 s, respectively, which is much longer than those of pure PE and PE-IFR. We believe that this result from improvements in the performance of the protective char layer formed prior to ignition. It indicates that an ignition resistant protective char layer was formed after addition of small quantities of metal chelate. This is in accord with the results from SEM. The samples studied showed considerable differences in the Total Heat Release (THR/Time) curves presented in figure 5 . respectively, for PE-IFR-CuSAO, PE-IFR-CoSA and PE-IFR-NiSAO. This lower THR value indicates that a part of the PE-IFR-Metal chelate has not completely combusted, probably undergoing a carbonization process. This is in accord with the mass loss, and the formation of residues, which are also presented in figure 6 , 7, respectively. layer produce by the metal chelate IFR systems would prevent the effective transfer of gas and volatiles through the surface, so preventing burning. The presence of the metal chelate seems to inhibit significantly the decomposition process. It was observed that there were significant differences between the materials with respect to the inner layer of the residues. It was observed that the residue from PE-IFR-Metal chelate had a lower liquid layer (probably olefinic) arising from the incomplete combustion of the inner layer. The presence of this residence was not observed with the PE-IFR system. After cooling 18 down, the thickness of the protective layers was measured using callipers. The average thickness of the layers for different samples is shown in table 4. It is known that the thicker the layer, the more difficult transfer of gas and volatile will be, and assuming comparable densities, the greater the amount of fuel retained in the char. From the results of table 4, it can be observed that the residue layers from the system containing metal chelate are thicker than from PE-IFR. Thus they can offer a more effective protection and prevent the transfer of the gas, volatiles and heat. The result is in accord with the results from SEM.
So it is concluded that there is an important role for low concentration of metal chelate in the improvement of the performance of a char layer during burning. Table 4 . The average thickness of residues layers for samples.
Conclusions
In this study, PE was treated with various formulations containing an IFR and different metal-chelates (CuSAO, CoSAO and NiSAO). The effect of very small amounts of the metal chelates on the thermal stabilization and burning behaviour is apparent, showing inhibition of thermal decomposition.
By cone calorimetry, PE-IFR-metal chelate (PE-IFR-CuSAO, PE-IFR-CoSAO and PE-IFR-NiSAO)
shows very significant decrease in HRR, PHRR, ML, THR and very considerable improvement in TTI compared to materials without metal chelate. Furthermore, it is significant to observe from SEM and observation of the char layer that PE-IFR-metal chelate system produces a compact and tough char structure compared to a loose porous char layer formed without metal chelate. The reason may be related to the catalysis (such as crosslinking or dehydration) leading to enhanced graphitization, but this is not yet clear. Further work will be needed to study and understand the fire retardant mechanism and obtain more direct evidence.
